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Influences of shrinkage and construction
loading on loss of tension stiffening in slabs
R. L. Vollum
Imperial College
Tension stiffening is shown to be lost more rapidly after loading than predicted by models attributing loss of tension
stiffening to shrinkage. Furthermore, contrary to predictions of shrinkage models, tension stiffening is lost quicker
in slabs that crack significantly on loading than in slabs that crack mainly after loading due to shrinkage. It is
concluded that shrinkage does not contribute significantly to loss of tension stiffening after loading in cracked
members. An improved method is proposed to account for loss of tension stiffening in deflection calculations. A
simplified method for taking account of construction loading in deflection calculations is shown to give reasonable
estimates of deflections in the slabs in the in situ concrete building at Cardington.
Notation
f ct concrete tensile strength
f ctsh tensile stress induced at extreme tension
fibre by restrained shrinkage
h0 notional size used in creep and shrinkage
calculations ¼ 2A=U where A is the cross-
sectional area and U is the perimeter
K, Kmin damage parameter (where min denotes
minimum value for floor)
M r cracking moment
M reff cracking moment reduced by shrinkage
wperm permanent load
wpeak peak construction load
wstrike load at striking
 ¼ 12 coefficient in interpolation coefficient
used to find mean curvature
 interpolation coefficient used to find
mean curvature 1=rm
 creep coefficient
Introduction
The client-driven trend towards longer spans necessi-
tates improved methods for predicting deflections since
the thickness of reinforced concrete slabs is often gov-
erned by deflection limits. The seven-storey in situ con-
crete building at Cardington,
1
which measures 22·5 m
by 30 m on plan, provided a unique opportunity to
investigate the effect of construction loading on slab
deflection. Comprehensive details of the building are
given elsewhere including flexural reinforcement that
varied significantly between floors.
1
The first six floors
are 250 mm thick flat slabs that span 7·5 m in each
direction. The main innovation at Cardington was that
slabs were struck between one and three days to release
formwork in time for use in the slab above which was
typically cast twelve days after the slab below giving
rise to the peak construction load. A superimposed
dead load of 3 kN=m2 was applied at around one year
in the six central bays leaving the three bays at each
end of the building (across the 22·5 m width) unloaded.
Analysis
1
of slab deflections at Cardington shows that
long-term deflections were governed by cracking at
striking or under peak construction load and significant
tension stiffening was lost in the few days the peak
construction load was applied. This seems at odds with
Gilbert’s
2
belief that loss of tension stiffening after
loading is due to shrinkage since the increase in shrink-
age strain was minimal during application of peak con-
struction load. Test data from various slabs tested by
others are analysed in this paper to determine the rate
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of loss of tension stiffening after loading and its rela-
tion to shrinkage.
Influence of shrinkage on deflection
The analysis in this paper is based on the method
given in EC2
3
and MC90
4
for calculating mean curva-
tures by interpolating between curvatures of uncracked
(state 1) and fully cracked (state 2) sections. The mean
curvature is given by
1=rm ¼ (1=r2 þ 1=rsh2)þ (1 )(1=r1 þ 1=rsh1) (1)
where 1=r ¼ M=EcI for states 1 and 2 and
 ¼ 1 12(M r=M)2 (2)
where 1 ¼ 1 for deformed bars, 2 accounts for loss
of tension stiffening after loading and is taken as 1 for
short-term loading and 0·5 for many cycles of repeated
loading or long-term loading. Taking 2 as 0·5 is equi-
valent to reducing the cracking moment M r by 30%
where M r ¼ f ct I1=(h x1), f ct is the concrete tensile
strength, h is the section depth and x1 is the depth to
the neutral axis in state 1. In EC2,
3
equation (2) is valid
for M > M r but in MC90
4
for M >
p
M r which
avoids convergence problems since the moment–
curvature diagram is continuous. The shrinkage curva-
ture is 1=rsh that is given by
1=rsh ¼ mSsh=I (3)
where S is the first moment of area of the reinforce-
ment about the centroid of the age-transformed section,
I is the age-transformed second moment of area and m
is the age-transformed modular ratio. EC2
3
uses equa-
tion (3) for both cracked and uncracked sections.
Deflections in reinforced concrete members increase
with time under constant load due to creep, shrinkage
and loss of tension stiffening. Shrinkage increases de-
flection since: (1) restraint from unsymmetrical reinfor-
cement induces curvature; and (2) tensile stress induced
by restrained shrinkage results in further cracking and
consequent loss of tension stiffening. Shrinkage reduces
the cracking moment to
M reff (t) ¼ I1[ f ct  f ctsh(t)]=(h x1) (4)
where f ctsh(t) is the tensile stress induced at the ex-
treme tensile fibre by shrinkage. For uniform shrinkage,
f ctsh(t) is given by
f ctsh(t) ¼ Essh(ts)S1(h x1)=I1
þ As Essh(ts)=[Ac(1þ mr)] (5)
where r ¼ As=Ac and ts is the time at onset of shrink-
age. In reality, concrete adjacent to the perimeter of the
section dries more rapidly than in the interior of the
section, increasing tensile stresses at the surface. Ghali
5
proposed that M reff (t1) (where t1 denotes long term),
rather than M r, should be used in the calculation of
(t1) in conjunction with 2 ¼ 0:5. Gilbert2 also be-
lieves that shrinkage induces tension between cracks
and leads to a gradual loss of tension stiffening with
time. He proposed a modification to the ACI
6
method
for deflection calculation in which the cracking mo-
ment is calculated with a stress equal to the concrete
tensile strength less 70% of the tensile stress induced
by shrinkage. Gilbert’s
2
approach is equivalent to calcu-
lating (t1) with 2 ¼ 1 and reduced cracking moment
M reff (t1). Both Ghali
5
and Gilbert
2
assumed uniform
shrinkage in the derivation of M reff . Since the effect of
uniform shrinkage is equivalent to an eccentric axial
load, it is arguably more logical to model shrinkage as
a strain-induced load rather than reducing the cracking
moment. Ghali and Favre
7
suggest that  is expressed
in terms of concrete stresses for combined axial load N
and bending moment M as follows
 ¼ 1 12( f ct=1max)2 (6)
where f ct is the concrete tensile strength and 1max is
the tensile stress that would occur at the extreme fibre
of an uncracked section due to combined M=N with
the assumption of no cracking. This suggests that the
influence of shrinkage can be included by calculating
the interpolation coefficient  with the actual concrete
tensile strength f ct and a maximum stress 1max given
by
1max(t) ¼ f ctsh(t)þ 1max (7)
where f ctsh is given by equation (5). Any time-depen-
dent loss of tension stiffening due to bond slip can be
included via 2 in equation (6).
Assessment of methods
The following methods for calculating  (M1 to M5)
were evaluated for various simply supported one-way
spanning slabs tested by Gilbert,
2
Jaccoud and Favre
8
and Ganeswaran and Rangan
9
M1. EC2 (equation (2)) with M r replaced by M reff (t0)
(where t0 is the age in days at loading) and
2 ¼ 0:5 for t > 1 day
M2. EC2 with M r replaced by M reff (t0) and 2 ¼ 1
(EC2  ¼ 1)
M3. MC90 (equation (2)) with
p
2 M r replaced byp
2 M reff (t0) and 2 ¼ 0:5 for t > 1 day
M4. Modified Gilbert: equation (2) with 2 ¼ 1 and
M reff (t) (Gilbert
 in Fig. 1)
M5. Equation (6) with 2 ¼ 1 and 1max replaced by
1max(t) (see equation (7))
In methods M1 to M3,  is related to the shrinkage
strain at loading, unlike M4 and M5 where it is related
to the current shrinkage strain. Deflections were found
from curvature by numerical integration. Details of the
slabs and relevant material properties are summarised
in Tables 1 and 2. The Gilbert
2
slab was uniformly
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loaded and the others were loaded with point loads at
their third points. Deflections depend on the concrete
tensile strength in the slab at loading that can be
estimated from tensile tests on control specimens or
from the concrete compressive strength. There is little
consensus on the magnitude of concrete tensile strength
that should be used in deflection calculations. For ex-
ample, EC2 (DD ENV 1992-1-1: 1992) used the fol-
lowing equation for the mean indirect concrete tensile
strength (with mean cylinder strength f 9cm replaced
by characteristic cylinder strength fck) in deflection
calculations
f ctm ¼ 0:3 f 9cm(2=3) (8)
In this paper, f 9cm is used in equation (8) since analysis
of data from Cardington suggests that it is more realis-
tic than using f ck.
Gilbert
2
takes the concrete tensile strength as
f ct ¼ 0:6 f 9c(0:5) (9)
Some authors suggest that the flexural tensile strength,
which depends on the slab thickness, should be used in
deflection calculations rather than the splitting strength.
The current version of EC2
3
gives the following equa-
tion for the mean concrete flexural tensile strength
f ctm, fl ¼ (1:6 h=1000)) f ctm . f ctm (10)
where h is the member depth in millimetres. Table 2
gives the ratio of the mid-span moment to cracking
moment for each slab with f ct from equation (8). No
cracking was observed in Gilbert’s slab until six days
after loading and cracks continued to form for 51 days
after loading. In Jaccoud and Favre’s
8
slabs C12, C13
and C22 the crack pattern was incomplete on loading.
Additional cracks continued to form in the constant
moment region between the point loads for around two
weeks after loading and elsewhere for two or three
months. Immediately after loading, maximum crack
widths were around 0·03 mm in slab C12, 0·025 mm in
slab C22 and 0·13 mm in slab C13.
For the purpose of comparing methods M1 to M5
the concrete tensile strengths used in the analysis were
chosen to equate measured and predicted initial deflec-
tions. The resulting concrete tensile strengths used in
the analysis are compared with the values correspond-
ing to equations (8)–(10) in Table 2 that also gives
measured tensile strengths where available. The flexural
tensile strengths corresponding to equation (10) are
clearly too high for deflection calculations.
Shrinkage strains were measured from 28 days in the
tests of Jaccoud and Favre
8
even though curing was
stopped at seven days. Deflections depend on the total
shrinkage strain rather than shrinkage from first loading
since shrinkage induces tensile stress in the concrete
before loading. Therefore, the measured shrinkage
strains were increased by the estimated strain at first
loading that was derived from the strain at 510 days
(measured from 28 days) with the MC90
4
time function
for shrinkage. The resulting total shrinkage strain of
730 s at 510 days compares favourably with the strain
of 610 s Charif et al.10 measured at 500 days (from
three days) in concrete A1 that was similar to the con-
crete (C) used in the slabs analysed in this paper. The
cement content was 300 kg=m3 in each concrete but
the water cement (w=c) ratio was 0·67 in concrete C
compared with 0·60 in concrete A1. When corrected
for differences in size of shrinkage specimens (160 mm
diameter cylinders for concrete A1 and 120 mm square
prisms for concrete C), the shrinkage strain of 610 s
in concrete A1 (which had the lower w=c ratio)
Fig. 1. Deflections in Jaccoud slabs: (a) C12 and C22; (b)
C13; (c) C14 and C24
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C12 test
M2 EC2  = 1
M4 Gilbert*
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M3 MC90
M5 = M6
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Test M2 EC2  = 1
M4 Gilbert*
M3* fct eq (8)
M3 MC90
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C14 test C24 test
M2 EC2  = 1
M4 Gilbert*
M3* fct eq (8)
M3 MC90
M5
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increases to 650 s compared with the estimated strain
of 730 s in concrete C.
A further complication is that the notional sizes (h0)
of the shrinkage specimens and slabs were different in
the tests of Jaccoud and Favre
8
and Ganeswaran and
Rangan.
9
Therefore the experimental creep coefficients
and shrinkage strains were reduced using MC90
4
to
take into account the difference in notional size h0
between the slabs and creep/shrinkage specimens (see
Table 3). The measured creep coefficients and shrink-
age strains and the adjusted values used in the analysis
are given in Table 3. Analysis shows that the MC90
time function for shrinkage gives good estimates of
strains in the specimens of Jaccoud and Ganeswaran if
measured and predicted final strains are equated (see
Table 3) which justifies using the MC90 time function
to adjust strains for differences in size between control
specimens and slabs. Measured and predicted deflec-
tions are compared in Table 4 and plotted against time
in Fig. 1 for the slabs of Jaccoud and Favre.
8
Methods
M1 and M3 give reasonable estimates of long-term
deflections (see Table 4) but overestimate deflections in
the first month after loading. M3 is preferable to M1
since it (1) indirectly accounts for the reduction in
cracking moment due to shrinkage in sections un-
cracked at loading and (2) avoids the discontinuity in
the M1 moment–curvature diagram which can cause
convergence problems. M2 (EC2 with 2 ¼ 1) signifi-
cantly underestimates deflections since it neglects loss
in tension stiffening after loading. M4, which attributes
loss of tension stiffening to shrinkage, underestimates
deflections in most slabs but overestimates long-term
deflections in C12, C22 and Gilbert’s slab which were
uncracked or barely cracked at loading. M5 gives good
estimates of deflections in C12, C22 and Gilbert’s slab
(for which intermediate deflections are not available)
but underestimates deflections in other slabs. M4 and
M5 significantly underestimate the increase in deflec-
tion in the first few months after loading in all slabs,
except C12 and C22, which suggests loss of tension
stiffening after loading is not due to shrinkage unless
slabs are virtually uncracked at loading.
Values of 2 required to equate measured and pre-
dicted deflections are given in Fig. 2 which shows that
in all slabs except C12 and C22 tension stiffening was
mainly lost in the first two weeks after loading when
2 was similar for methods M3 and M4 (in which loss
of tension stiffening is attributed to shrinkage and 2 is
assumed to be 1). This suggests tension stiffening is
lost more rapidly in slabs which crack extensively on
Table 1. Details of slabs
Slab ref f 9c:
MPa
E:
GPa
Span:
m
b:
mm
t:
mm
d:
mm
100
As=bd
100
A9s=bd
P:
kN
w:
kN=m
Gilbert 31·0 31·1 5·0 1000 180 150 0·44 0 – 6·4
Jaccoud slabs
C12, C22 30·9 29·5 3·1 750 160 131 0·58 0·06 6·10 2·94
C13 30·9 29·5 3·1 750 160 131 0·58 0·06 9·31 2·94
C14, C24 30·9 29·5 3·1 750 160 131 0·58 0·06 12·52 2·94
C15 30·9 29·5 3·1 750 160 131 0·58 0·06 15·75 2·94
Ganeswaran slabs
S62.63 62 39·5 2·3 500 100 80 0·63 0 5·39 1·2
S62.80 62 39·5 2·3 500 100 80 0·80 0 6·94 1·2
S62.98 62 39·5 2·3 500 100 80 0·98 0 8·89 1·2
Note:  Applied at third points in Ganeswaran slabs and 1 m from supports in Jaccoud slabs.
Table 2. Concrete tensile strengths used in analysis: MPa
Slab ref M1–M4 M5–M6 0.3 f 9c
2=3
eq (8)
0.6 f 9c
0:5
eq (9)
f ctfl
eq (10)
Measured M=Myr
7
f ctsh(t0)
Gilbert 3·38 3·38 2·96 3·34 4·20 – 1·25{ 0
C12 3·00 2·97 2·95 3·34 4·25 – 1·02 0·40
C13 3·31 3·23 2·95 3·34 4·25 2·82 1·36 0·40
C14 3·42 3·30 2·95 3·34 4·25 3·06 1·70 0·40
C15 3·77 3·64 2·95 3·34 4·25 – 1·92 0·40
C22 3·06 3·04 2·95 3·34 4·25 – 1·02 0·40
C24 3·73 3·63 2·95 3·34 4·25 3·06 1·70 0·40
S62.63 4·03 3·84 4·70 4·72 7·05 – 1·46 0·60
S62.80 4·23 3·92 4·70 4·72 7·05 – 1·76 0·75
S62.98 5·37 5·00 4·70 4·72 7·05 – 2·15 0·92
 50% of flexural strength from prisms; { based on gross section with f ct ¼ 0:3 f 9c2=3; { no evidence of cracking was observed on loading.
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loading than in slabs which barely crack on loading (e.g.
C12 and C22) in contrast to M4 and M5 which predict
the opposite. Therefore, it is concluded that shrinkage is
not the main cause of loss of tension stiffening in
cracked members after loading. Modelling loss of ten-
sion stiffening after loading in cracked sections via 2
seems adequate for practical purposes. M5 is a suitable
platform for an improved method since it gives the best
predictions of deflection in Gilbert’s slab, C12 and C22.
M5 gives reasonable predictions of long-term deflec-
tions with the concrete tensile strengths used in Figs 1
and 2 if modified as follows (see M6 in Table 4)
(a) if M , M r, use M5 with 1max(t) and 2 ¼ 1 as
described previously
(b) if M > M r, use M5 with 1max(t0) (see equation
(9)) based on the shrinkage strain at first loading
and 2 ¼ 0:4.
Values of 2 in Fig. 2 are related to the concrete tensile
strengths used in the analysis. For example, values of
2 for M3 corresponding to f ct from equation (8)
( f ctEq8) can be derived by multiplying values in Fig. 2
by f[ f ctFig2  f ctsh(t0)]=[ f ctEq8  f ctsh(t0)]g2 and are
on average 25% greater than values in Fig. 2 which
possibly justifies using a long-term value of 2 ¼ 0:5
in design if f ct is derived with equation (8). No sig-
nificance is attached to the relatively low concrete
tensile strengths that equate measured and predicted
deflections in the Ganeswaran slabs (see Table 2) since
Table 3. Creep and shrinkage properties for Jaccoud and Ganeswaran slabs
Jaccoud slabs
Time: days h0 0 1 2 7 28 180 365 500
Test{ cs 60 0 15 15 33 98 295 365 400
MC90{ cs 60 0 5 10 34 109 307 376 400
MC90 cs 60 0 3 7 22 70 198 242 257
Corrected} cs 132 162 170 171 181 224 399 500 553
Test  60 0 0·36 0·45 0·73 1·20 2·08 2·39 2·46
MC90  60 0 0·52 0·64 0·93 1·38 2·18 2·45 2·57
Corrected}  132 0 0·29 0·37 0·59 0·98 1·74 2·02 2·09
Ganeswaran slabs
Time: days h0 0 1 3 7 19 59 80 100
Test cs 38 421 425 431 445 505 600 584 621
MC90{ cs 38 444 449 458 474 516 585 606 621
MC90 cs 38 248 250 255 264 287 326 338 346
Corrected} cs 83 226 229 234 246 293 386 392 430
Test  75 0·0 0·13 0·18 0·24 0·45 0·71 0·82 0·84
MC90  75 0 0·39 0·54 0·69 0·94 1·26 1·36 1·44
Corrected}  83 0 0·12 0·18 0·23 0·44 0·69 0·80 0·82
 Time from loading; { average value C12, C14 and C22; { with equal measured and predicted final strains; } increased to include strain before
28 days and size adjusted; } size adjusted.
Table 4. Predicted final deflections with measured creep and shrinkage properties
Slab Initial deflection  Final deflection  Predicted/measured deflections
Time: days : mm Time: days : mm M1 M2 M3 M4 M5 M6 M3{
Gilbert 28 3·9 260 28·9 0·79 0·53 0·95 1·10 0·95 1·01 1·08
C12 28 2·0 500 8·3 1·01 0·66 1·11 1·19 1·03 1·03 1·13
C13 28 4·6 500 13·3 0·92 0·70 0·98 0·99 0·89 1·02 1·05
C14 28 7·8 500 18·0 0·92 0·76 0·94 0·94 0·87 0·97 1·00
C15 28 10·0 500 20·5 0·98 0·82 0·98 0·97 0·91 1·00 1·06
C22 28 1·8 365 6·9 0·72 0·72 1·25 1·23 1·10 1·10 1·30
C24 28 6·7 500 17·4 0·91 0·71 0·93 0·89 0·84 0·95 1·04
S62.63 29 8·03 100 13·0 1·02 0·80 1·03 0·93 0·87 1·04 0·93
S62.80 29 9·97 100 15·8 0·94 0·82 0·95 0·91 0·87 0·97 0·91
S62.98 29 10·27 100 15·3 1·02 0·88 1·03 0·97 0·93 1·05 1·08
Average 0·92 0·74 1·02 1·01 0·93 1·01 1·06
Covariance 0·11 0·13 0·10 0·12 0·09 0·04 0·10
 f ct chosen to equate measured and predicted initial deflections; { f ct from equation (8).
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the shrinkage strain might have been significantly
greater at first loading than estimated. Clearly, the pre-
dicted deflections and values of 2 in Fig. 2 are depen-
dent on the assumptions made in adjusting the
measured creep and shrinkage data which are open to
debate. For example, Gilbert’s
11
formula for shrinkage
predicts that shrinkage strains reduce less rapidly with
increasing section size than MC90 and EC2. Therefore
values of 2 required to equate measured and predicted
deflections were recalculated omitting the size adjust-
ment to measured creep and shrinkage strains. The
shrinkage strains measured by Jaccoud and Favre
8
were
increased by the estimated strain at 28 days of 361 s
as before. Results are given in Fig. 3 that show that the
conclusion that shrinkage is insufficient to account for
loss of tension stiffening after loading in cracked sec-
tions remains valid. Table 5 shows that M3 gives rea-
sonable estimates of deflection with f ct from equation
(8) but there is some scatter indicating the prediction of
deflection is not a precise science even if measured
creep and shrinkage data are available. M3 predicts the
development of deflection reasonably in slabs that
crack significantly at loading if 2 is taken as 0·7
between one and two days, reducing linearly to 0·6 at
seven days and 0·5 at 28 days (see M3 in Figs 1(b)
and (c)). If the reduction in cracking moment due
to the final shrinkage strain is greater than
M r p2 M reff (t0), M3 may underestimate deflections
in barely cracked slabs. In this case it is prudent to use
M4 in sections where M , M r and M3 in sections
where M > M r.
Significance for prediction of deflection in
buildings
Elsewhere et al.
12
presented an incremental proce-
dure for calculating deflections due to a time-varying
load. Hossain and Vollum
12
incorporated the method,
which is based on the MC90
4
moment–curvature rela-
tionship, into a finite-element programme. The main
assumption is that curvature depends on the greatest
value of interpolation coefficient  (see equation (2))
corresponding to striking, peak construction load and
service load for load histories similar to Fig. 4 in which
the peak load corresponds to casting the slab above.
The method was validated with data from the Cardi-
ngton in situ concrete building
12
that showed a linear
relationship between deflections at corresponding posi-
tions in floor slabs at each level and K min (the mini-
mum value of a cracking parameter K proportional to
(1 )0:5) evaluated at striking Kstrike, peak construc-
tion load K peak and service load Kserv. K is defined as
K ¼  f ct
w
r
(11)
where  ¼ 12 and f ct is the concrete tensile strength
when the load is increased to w. Analysis of the Cardi-
ngton data showed a linear relationship between long-
term deflection and the minimum value of Kstrike and
K peak evaluated with the same value of . Kstrike and
K peak were critical at all floors if strike ¼  peak was
less than 0·86 and K perm was evaluated with f ct28. This
indicates that long-term deflections where governed by
cracking during construction. At the time of the origi-
nal analysis,
12
there was no theoretical basis for choos-
ing strike ¼  peak apart from the MC90 requirement
that 2 should be taken as 0·5 for long-term loads.
Fig. 2. Required  values to equate measured and predicted
defletions: (a) Jaccoud slabs; (b) Ganeswaran slabs
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Fig. 3. Required  values to equate measure and predicted
deflections in Jaccoud’s slabs (no size adjustment to creep
coefficients and shrinkage strains)
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Consequently, both strike and  peak were taken as 0·5
since the slab self-weight is a permanent load. The
existence of a linear relationship between K min and
deflection seems reasonable since deflections predicted
with the MC90 moment–curvature relationship depend
almost linearly on concrete tensile strength for cracked
slabs if all other parameters including load are held
constant.
12
The current work provides insight into the
choice of peak. Since the peak construction load was
applied for between one and three days at Cardington,
there is an argument for taking 2 as 0·7 in K peak. A
linear relationship is maintained between K min and de-
flection in the Cardington slabs if 2 is taken as 0·7 in
Kstrike which seems plausible since the concrete tensile
strength increased significantly after striking. Conse-
quently, deflections were recalculated in the Cardington
slabs using Hossain and Vollum’s finite-element
12
pro-
gramme with 2strike ¼ 2 peak ¼ 0:7 rather than 0·5 as-
sumed previously.
12
Table 5 shows that deflections
calculated with 2strike ¼ 2 peak ¼ 0:7 are closer to the
mean measured deflections than deflections calculated
with 2strike ¼ 2 peak ¼ 0:5. This supports taking
2strike ¼ 2 peak ¼ 0:7 for slabs struck at three days or
earlier and implies loss of tension stiffening after load-
ing in cracked sections is
(a) reduced in slabs in which the concrete subse-
quently gains significantly in strength (e.g. for
early age striking)
(b) dependent on the concrete strength at each load
Table 5. Measured and predicted deflections in Cardington slabs
Floor 1 2 3 4 5 6
f ctstrike
 w ¼ 6:75 kN=m2 2·46 2·43 2·68 2·50 2·53 2·00
f ctstrike equation (8) 2·13 2·14 2·20 2·36 2·33 1·81
f ctpeak
 4·49 3·43 3·62 4·19 3·26 3·06
f ctpeak equation (8) 4·12 3·37 3·29 3·83 3·14 2·94
w peak: kN=m
2 8·32 10·34 10·74 10·27 10·73 10·14
f ct28 4·39 3·93 4·08 4·48 3·77 4·01
f ct28  f ctsh 3·90 3·45 3·74 4·01 3·26 3·69
f ctmod: MPa w ¼ 6 kN=m2 2·13 1·94 1·96 2·16 1·77 1·73
f ctmod: MPa w ¼ 9 kN=m2 3·28 2·99 3·03 3·33 2·73 2·67
 max(wstrike)= f ctstrike external 1·32 1·34 1·21 1·36 1·31 1·66
 max(wstrike)= f ctstrike corner 1·41 1·44 1·29 1·46 1·40 1·78
 max(w peak)= f ctpeak external 0·89 1·45 1·42 1·23 1·62 1·62
 max(w peak)= f ctpeak corner 0·96 1·56 1·52 1·32 1·72 1·74
Corner panel Deflections at 800 days: 6 kN=m2
Test Minimum 18·61 22·08 19·27 21·28 23·19 26·84
Test Maximum 23·46 24·07 27·11 25·22 26·27 28·78
Test Mean 20·52 23·03 23·86 23·33 24·79 27·81
Full analysis{  ¼ 0:5 23·64 25·88 27·54 25·29 30·63 29·13
Full analysis{  ¼ 0:7 20·51 23·60 24·49 21·56 27·31 26·23
Corner panel Deflections at 10 000 days: 9 kN=m2
Full analysis{  ¼ 0:5 38·11 42·32 42·95 39·85 49·50 45·35
Increment from 28 days{ 15·25 16·25 14·96 14·59 19·43 15·80
Full analysis{  ¼ 0:7 33·54 38·99 38·40 34·91 45·36 42·14
Increment from 28 days} 17·34 20·66 17·37 17·90 23·57 21·13
One step  ¼ 0:5 39·48 40·41 40·14 39·27 46·11 46·81
External panel Deflections at 800 days: 9 kN=m2
Test Minimum 16·95 21·59 23·93 17·97 21·77 25·49
Test Maximum 18·84 23·62 26·37 21·06 25·06 27·19
Test Mean 17·91 22·49 24·94 19·57 23·52 26·34
Full analysis{  ¼ 0:5 23·09 25·16 26·36 23·19 28·71 27·17
Full analysis{  ¼ 0:7 20·49 23·68 24·24 21·10 25·93 25·25
External panel Deflections at 10 000 days: 9 kN=m2
Full analysis{  ¼ 0:5 29·40 32·28 33·21 29·39 37·14 34·10
Increment from 28 days{ 11·28 12·66 11·54 10·97 14·83 12·42
Full analysis{  ¼ 0:7 26·24 30·02 29·58 25·82 34·16 31·45
Increment from 28 days} 13·21 15·45 13·25 13·02 18·00 15·11
One step  ¼ 0:5 32·21 32·95 32·61 30·57 36·46 36·29
 Mean values from splitting tests, all stresses in MPa; { full analysis ¼ incremental analysis with procedure described in Reference 12,
 ¼ strike ¼ peak; { increment from immediately after application of 3 kN=m2; } increment from immediately before application of 3 kN=m2.
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increment, and the duration of the increment,
rather than the tensile strength at first cracking
(c) not significantly increased by shrinkage.
Items (a) to (c) above are speculative and require
further experimental validation. The analysis of the
Cardington data is clearly inconclusive since the pre-
dicted deflections depend on many variables including
the concrete properties and modelling assumptions.
Analysis shows that the alternative approach of basing
 peak and serv on the tensile strength at first cracking
(typically f ctstrike for the Cardington slabs) significantly
overestimates deflections in the Cardington slabs.
Investigation into the extent of cracking required
during construction to significantly increase long-term
deflection
Vollum and Hossain’s incremental procedure,
12
which is unnecessarily complex for routine use, is al-
most equivalent to a single-step analysis with (1) con-
crete tensile strength chosen to equate K and K min (i.e.
f ctmodified ¼ K minw=p) and (2) an effective concrete
elastic modulus Ecomposite chosen to account for the
different ages at which loads are applied. Clearly, it is
only appropriate to use f ctmodified in deflection calcula-
tions for slabs that crack during construction. Unfortu-
nately, no examination was made to determine whether
cracking occurred during construction at Cardington.
However, subsequent inspections showed extensive
cracking over columns and in the spans, including some
internal bays.
Finite-element analysis shows that cracking occurred
in the top surface of the Cardington slabs over columns
during construction and strongly suggests that cracking
occurred in the span. The ratio between the measured
splitting strengths, f ctm from equation (8) (with meas-
ured mean compressive strengths) and the peak stresses
in the span from elastic finite-element analysis of the
Cardington slabs are compared in Table 5 at striking
and under peak construction load for the external and
corner bays at floors 1 to 6. In reality, the maximum
stresses in the span would have been greater than the
elastic stresses in Table 5 if cracking had not occurred
in the span since cracking at the supports increases
moments in the span. Table 5 shows that the maximum
tensile stresses in the spans were significantly greater
than the measured tensile strengths, implying that
cracking occurred during construction.
The fact that the peak stresses calculated in the span
during construction are greater than the measured va-
lues of f ct is not conclusive evidence that cracking
occurred since the relationship between cracking stress
and splitting strength is unknown. Therefore, a para-
metric study was carried out on the propped cantilever
slab shown in Fig. 4 to determine whether cracking
needs to occur in the span for deflections to be in-
creased significantly by cracking during construction.
The loadings used in the analysis are given in Fig. 4.
All slabs were struck at three days and the age at peak
construction load was varied between five and 28 days.
The concrete cylinder strength was varied between 30
and 50 MPa. Concrete tensile strengths were derived
from equation (8). All other concrete material proper-
ties, including strength development, were calculated in
accordance with MC90. K peak was critical in all cases.
Thirty-year deflections were calculated assuming: (1)
cracking occurred when the flexural stress due to the
peak construction load reached (a) f ctpeak, (b)
p
 f ctpeak
with  ¼ 0:5; (2) cracking only occurred at the sup-
ports under peak construction load; and (3) using the
28-day tensile strength as commonly assumed.
13
As-
sumptions (1a) and (1b) above are equivalent to calcu-
lating long-term deflections with f ctmodified using EC2
and MC90 respectively if K peak is critical.
The resulting deflections are plotted against K min in
Fig. 5 that shows that the peak construction load only
increases deflections significantly if it causes cracking
12
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in the span. Fig. 5 also shows that only methods (1a)
and (1b) give significant correlations between deflec-
tion and K min and implies that cracking occurred in the
spans of the Cardington slabs during construction. The-
oretically, method (1a) above is preferable to method
(1b) since method (1b) overestimates the reduction in
cracking moment due to shrinkage during construction
but there is little difference in deflections correspond-
ing to each method if the maximum moment in the
span is greater than about 1·05 M r as at Cardington
(see Fig. 6 which incorporates the data in Fig. 5).
Method (1b) has the practical advantages of (1) incor-
porating the reduction in cracking moment due to
shrinkage in sections not cracked during construction
and (2) the moment–curvature diagram is continuous,
avoiding convergence problems.
If cracking first occurred in the span under long-term
loading, deflections in the Cardington slabs would be
expected to be linearly related to ( f ct  f ctsh)=w, with
( f ct  f ctsh) evaluated at the time cracking first oc-
curred in the span, but this is not the case. Values of
f ct  f ctsh, evaluated at mid-span of an external bay,
are compared in Table 5 with f ctmodified for corner bays
loaded with 6 kN=m2 and external bays loaded with
9 kN=m2 at the time the superimposed dead load of
3 kN=m2 was applied. Creep and shrinkage strains were
derived using EC2 that gives good estimates of the
measured values. Table 5 shows that ( f ct  f ctsh) is
significantly greater than f ctmodified which is different
for corner and internal panels since it depends on load-
ing. The difference in f ctmodified between the external
and corner bays is justified since the authors’ incre-
mental method gives good estimates of deflections in
both the corner and internal bays of the Cardington
building
12
(see Table 5) and cannot be attributed to
shrinkage. Therefore, it is concluded that cracking oc-
curred in the span of the Cardington slabs during con-
struction, justifying the use of f ctmodified in deflection
calculations for the Cardington slabs.
Estimate of 30-year deflections in Cardington slabs
Thirty-year deflections were calculated using: (1) the
incremental analysis with  ¼ 0:5 throughout (upper
bound) and  ¼ 0:7 at striking and peak construction
load (best estimate of mean deflection); and (2) a
single-step analysis with f ctmodified and concrete elastic
moduli and creep coefficients based on the age at first
loading. The upper column was included in the single-
step analysis. All panels were loaded with permanent
load w p ¼ 9 kN=m2 at 28 days (rather than one year at
Cardington) and the relative humidity was taken as
50% rather than 70% at Cardington. The same material
properties and construction loadings were used as in
previous analyses
12
(see Table 5 for the concrete tensile
strengths and construction loading used in the deriva-
tion of f ctmodified (with strike ¼  peak ¼ 0:5)). The
maximum predicted deflection in the corner panels
with strike ¼  peak ¼ 0:7 (considered most realistic es-
timate of mean deflection) is 45·36 mm which is sig-
nificantly greater than the maximum deflection
permitted by BS 8110 of span=250 ¼ 30 mm. Table 5
shows that the maximum 30-year increment in deflec-
tion from 28 days after application of service load (with
 ¼ 0:5) was 19·43 mm which is greater than span=500
allowed by BS 8110 after installation of finishes. Table
5 also shows that the deflections derived in the single-
step analysis with f ctmodified were reasonably close to
the deflections given by the incremental analysis with
 ¼ 0:5. Differences in deflection are due to the single-
step analysis: (1) overestimating creep since all the load
was assumed to be applied at striking; (2) neglecting
the increment in deflection on unloading from peak
construction load; and (3) failing to model the absence
of moment restraint from the upper column at striking
and under peak construction load.
Conclusions
Analysis of test data suggests that tension stiffening
is lost too rapidly in the first few weeks after loading
to be attributable to shrinkage, unless the applied mo-
ment is near the cracking moment. The MC90 approach
of modelling loss of tension stiffening after loading via
2 gives good results. Analysis suggests that it is rea-
sonable to take 2 as 0·7 between one and two days
reducing to 0·5 at 28 days if f ct is derived with equa-
tion (8). Parametric studies show that deflections only
increase significantly as a result of cracking during
construction if cracking occurs in the span. It is shown
that stresses were sufficiently high during construction
in the Cardington slabs to cause cracking in the spans.
It is shown that long-term deflections in the corner bays
of the Cardington slabs would have significantly ex-
ceeded the BS 8110 and EC2 limit of span=250 if the
corner bays had been loaded with the superimposed
load of 3 kN=m2 and the relative humidity had been
50% rather than 70%. This is significant since the con-
crete strengths in the Cardington slabs were signifi-
cantly greater than assumed in the design. The
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Fig. 6. Influence of M=Mr on ratio of deflections derived
with MC90 and EC2 using f ctmodified
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consequences of this are explored in a companion
paper.
14
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